the mRNA is promoted by the eIF4 factors National Institutes of Health and by eIF3. The factor eIF4E directly binds the Bethesda, Maryland 20892 m 7 GpppX cap on eukaryotic mRNAs and, through an interaction with the N terminus of eIF4G, recruits the cap-binding complex eIF4F, a heterotrimeric complex Protein synthesis is the ultimate step of gene exprescomposed of eIF4E, eIF4G, and the DEAD-box RNA sion and a key control point for regulation. In particuhelicase eIF4A (see Gingras et al., 1999). The eIF4A, lar, it enables cells to rapidly manipulate protein proin conjunction with the RNA-binding proteins eIF4B or duction without new mRNA synthesis, processing, or eIF4H, is thought to unwind RNA secondary structures export. Recent studies have enhanced our undernear the 5Ј end of the mRNA, while eIF4G binds to the standing of the translation initiation process and factor eIF3, which in turn associates with the 40S subhelped elucidate how modifications of the general unit. Consequently, the eIF4 factors working together translational machinery regulate gene-specific protein with eIF3 enable the 40S subunit to bind near the 5Ј production.
. Interestactivities, an interesting hypothesis is that eIF2 (and its ingly, the Met-tRNA i Met is delivered directly to the P site associated GTP check point) functionally replaces the of the ribosome in contrast to the delivery of aminoacylmRNA-rRNA interaction used for start site recognition tRNAs to the A site in elongating ribosomes. Factor in prokaryotes. . In addition, the C terminus of eIF4G binds the protein kinase MNK1, which phosphorylates the translation factor eIF4E (described in more detail below). The factor eIF2 binds Met-tRNA i Met (red) to the 40S subunit. The eIF3 is a multi subunit complex (Browning et al., 2001) , and the eIF3c subunit interacts with both eIF1 and eIF5. It is not known which subunit of eIF3 interacts with eIF4G. In yeast, eIF5 has been found to bind directly to eIF4G (Asano et al., 2001), as indicated by the dashed doubleheaded arrow. The factors eIF1, eIF1A, eIF2, eIF3, eIF5, and eIF5B bind to the 40S subunit at some point during translation initiation. It is likely that eIF5B and eIF2 never simultaneously interact with the 40S subunit. The factor eIF4G serves as an adaptor for mRNA recruitment, and contains binding sites for the m 7 G cap-binding protein eIF4E, eIF4A, the poly(A) binding protein (PABP), and the eIF4E kinase MNK1. Two regulatory interactions are also depicted. The 4E-BP competes with eIF4G for binding to eIF4E. Phosphorylation of 4E-BP weakens eIF4E binding, enabling eIF4E to interact with eIF4G and promote translation. Phosphorylation of eIF2␣ converts eIF2 into an inhibitor of its guanine-nucleotide exchange factor eIF2B composed of distinct regulatory (eIF2B␣␤␦) and catalytic (eIF2B␥⑀) subcomplexes. The green dot bound to eIF2 is GTP and the red dot is GDP.
40S subunit is accomplished, not in a stepwise fashion ity for GDP than GTP. At the end of each round of initiation, eIF2 is in an inactive state bound to GDP, and as depicted in Figure 1 , but by a preassembled multiinitiation factor complex (Asano et al., 2000). Genetic requires eIF2B to bind GTP. In contrast to the monomeric GEFs for Ras and related G proteins, eIF2B is studies in yeast identified mutations in all three subunits of eIF2, eIF1 (SUI1), and eIF5 that affected the fidelity of composed of five polypeptides (Hinnebusch, 2000). Based on sequence similarity and physical interactions, AUG start site selection (Donahue, 2000) . Interestingly, a physical linkage among these factors has also been the eIF2B subunits can be divided into two subcomplexes ( Figure 2 ): a regulatory subcomplex consisting found. The eIF3c subunit (NIP1 in yeast) interacts with both eIF1 and eIF5, and eIF5 directly interacts with the of the ␣, ␤, and ␦ subunits (GCN3, GCD7, and GCD2 in yeast) and a catalytic complex consisting of the ␥ and ␤ subunit of eIF2 (Hinnebusch, 2000) . It is intriguing that eIF5, which is required for eIF2 GTPase activity, interacts ⑀ subunits (GCD1 and GCD6 in yeast) (Pavitt et al., 1998), with the C-terminal portion of eIF2B⑀ possessing the with the ␤ subunit of eIF2, as eIF2␥ contains the GTPbinding domain. While it has been reported that eIF5 catalytic activity (Fabian et al., 1997; Gomez and Pavitt, 2000) . Surprisingly, eIF2B⑀ interacts with eIF2␤ (Hinnefunctions as a classic GTPase activating protein (GAP) for eIF2, the fact that eIF2, but not eIF5, is conserved busch, 2000), and no interaction has been reported between eIF2B⑀ and the GTP-binding subunit eIF2␥. As in archaea suggests that eIF5 does not play a direct catalytic role in the eIF2 GTPase reaction. As both eIF5 will be detailed below, phosphorylation of eIF2␣ on Ser-51 converts eIF2 from a substrate to an inhibitor of and AUG codon recognition by the Met-tRNA i Met on the 40S subunit are required for GTP hydrolysis by eIF2, it is eIF2B. Consistent with this regulatory role, eIF2␣ interacts with the eIF2B␣␤␦ regulatory subcomplex in a possible that conformational changes triggered through the Met-tRNA i scanning ribosome. In addition, following AUG codon recognition and GTP hydrolysis by eIF2, it is thought The second regulatory interaction involves eIF2B, the guanine-nucleotide exchange factor (GEF) for eIF2. As that some or all of the initiation factors dissociate from the ribosome. However, as eIF5B is required for subunit found for other G proteins, eIF2 has a much higher affin- Hinnebusch, 1996) . The opposing effects of GCN2 on GCN4 and global translation demonstrate that eIF2␣ phosphorylation can regulate both gene-specific and general translation (Figure 3B) . In addition to its centrally located eIF2␣ kinase domain, GCN2 contains a domain resembling histidyltRNA synthetase (HisRS) ( Figure 3A) . Recently, it was shown that the C-terminal segment of GCN2 containing Under normal conditions (construct a) eIF2␣ is phosphorylated at low levels, ribosomes bind the GCN4 mRNA near the cap, scan, and translate uORF1. Following termination at uORF1, ribosomes resume scanning and readily reacquire the ternary complex required for subsequent AUG codon recognition. Ribosomes translate uORF4 and then disengage from the GCN4 mRNA without producing GCN4. Under amino acid starvation conditions (construct b), where GCN2 phosphorylates eIF2␣ to high levels, ribosomes again translate uORF1 and then resume scanning. However, ternary complex levels are lower due to impaired eIF2B function and ribosomes scan a longer distance before acquiring the necessary ternary complex. Ribosomes scan past uORF2-4 without reinitiating translation, and then acquire the ternary complex in time to initiate at the GCN4 AUG codon. The small colored boxes are the four uORFs in the GCN4 mRNA leader and the large box is the GCN4 ORF. Ribosomes shaded black are competent to translate, whereas the 40S subunit shaded gray lacks the ternary complex. (B) Mutations in the GCN4 mRNA leader alter GCN4 expression. The leader and various uORFs are drawn to scale. An X indicates that the AUG codon of the ORF has been destroyed by a point mutation. In construct h, uORF4 has been extended to overlap the GCN4 ORF in an alternate reading frame. The expression of GCN4-lacZ reporters with the indicated leaders was measured in a strain lacking GCN2 where eIF2 activity is high and in a strain with mutated eIF2B, mimicking the effects of eIF2␣ phosphorylation, where eIF2 activity is low. The expression has been normalized to the values obtained with the GCN4-lacZ reporter containing the wild-type leader (construct c) grown in the strain with high eIF2 activity. References to the original data can be found in Hinnebusch this translational regulation. Deletion of all four uORFs phosphorylation. Consequently, as was found in yeast, abolishes regulation and GCN4 is produced at high levthe primary role of eIF2␣ phosphorylation in mammals els ( Figure 4B, construct d) . The presence of uORF4 may be to upregulate the translation of a special class alone is sufficient to repress GCN4 expression under all of mRNAs ( Figure 3B) . conditions (construct e). In contrast, the presence of uORF1 alone has only a small inhibitory effect on GCN4 expression (construct f). Mutational analyses have reShort uORFs Sensitize Translation to the Level vealed that AϩU-rich sequences surrounding the stop of eIF2␣ Phosphorylation codon of uORF1 favor resumption of scanning and reini-GCN4 tiation, whereas GϩC-rich sequences flanking the The yeast GCN4 protein is a transcriptional activator of uORF4 stop codon trigger ribosome release (Hinneamino acid biosynthetic genes and GCN4 production is busch, 1996). Despite the compelling nature of this increased under amino acid starvation conditions, which model, little is known regarding the propensity for riboactivate GCN2. The GCN4 mRNA contains four short somes to continue scanning versus disengage from an ORFs in its 5Ј leader ( Figure 4A ). In nutrient-rich condimRNA following termination, nor the trans-acting factors tions, the uORFs restrict the flow of scanning ribosomes to the GCN4 AUG start codon and GCN4 is produced that can influence this decision.
Although the wild-type GCN4 mRNA leader contains necessary to fully characterize the ATF4 translational regulatory mechanism. four uORFs, proper regulation of GCN4 is retained in a simplified leader containing only uORFs 1 and 4 ( Figure . These effects of eIF2␣ phosphorylation on C/EBP␣ exuORF1, and the abundance of eIF2 determined whether ribosomes reinitiated translation at uORF3, uORF4, or pression were also dependent on the small ORF in the C/EBP␣ mRNA. Whereas expression of both GCN4 and the GCN4 start site. Importantly, ribosomes that translated uORF4 failed to reinitiate at the GCN4 AUG codon. C/EBP␣ is regulated by uORFs and eIF2␣ phosphorylation, additional studies will be necessary to determine To summarize, the interplay between the length of the intercistronic space and the level of eIF2 activity, as why phosphorylation of eIF2␣ promotes reinitiation at the downstream GCN4 start site yet impairs the transladetermined by eIF2␣ phosphorylation, governs the efficiency of translational reinitiation and forms the basis tional reinitiation that generates the truncated C/EBP␣ isoform. A recent report revealed an additional complexof the GCN4 translational control mechanism. ATF4 ity in C/EBP␣ translational control. The hnRNP E2 protein inhibits C/EBP␣ expression by binding to the conLike GCN4, the mammalian ATF4 gene encodes a transcriptional activator and the ATF4 mRNA contains served mRNA sequence between the short ORF and the AUG codon of the M 3 start size (Perrotti et al., 2002). uORFs ( Figure 4C, construct i) . Recently, it was demonstrated that the production of ATF4 increases under ER Finally, it is interesting that eIF2␣ phosphorylation affects the magnitude of GCN4 expression, yet this modifistress or amino acid starvation conditions, dependent on the appropriate eIF2␣ kinase, and Ser-51 in eIF2␣ cation determines the nature of the C/EBP␣ isoform that is expressed. As the truncated and full-length C/EBP (Harding et al., 2000a; Scheuner et al., 2001 ). This induction in ATF4 expression was independent of transcripisoforms have opposing effects on cell growth and differentiation, eIF2␣ phosphorylation likely plays an imtion, and was accompanied by a shift of the ATF4 mRNA from smaller to larger polyribosomes (Harding et al., portant role in determining cell fate. Are Other mRNAs with uORFs Regulated 2000a). The mouse ATF4 mRNA contains two uORFs ( Figure 4C, construct i) . The first uORF encodes a four by eIF2␣ Phosphorylation?
The cpc-1 gene, encoding a GCN4 homolog in Neurosamino acid peptide, whereas the second uORF is longer and overlaps the ATF4 ORF in an alternate reading frame pora crassa, contains two short uORFs, and its expression is translationally regulated by the GCN2 homolog (similar to GCN4 construct h in Figure 4B) . Fusion of the ATF4 mRNA leader to a luciferase reporter repressed CPC3 (Luo et al., 1995; Sattlegger et al., 1998). Like GCN4, ATF4, C/EBP, and CPC1, maize Opaque-2 is a basal expression, but, importantly, conferred translational stimulation by eIF2␣ phosphorylation. However, transcription factor and its mRNA contains three short uORFs that affect opaque-2 expression (Lohmer et al., in contrast to GCN4 where deletion of uORF1 severely impaired expression, deletion of uORF1 elevated ex-1993). It is intriguing to speculate that translational regulation mediated by eIF2␣ phosphorylation and uORFs pression of the ATF4-luciferase reporter construct (Harding et al., 2000a) . Additional experiments examining has been conserved throughout eukaryotic evolution to regulate the production of specific transcription factors. uORF mutations in the authentic ATF4 mRNA will be Translation of the mammalian cat-1 mRNA, encoding Regulation of mRNA Binding 4E-BP Phosphorylation the cationic amino acid transporter, is dependent on eIF2␣ phosphorylation as well as a uORF in the cat-1
The integrity of the eIF4F cap-binding complex (Table  1) is regulated by 4E-BPs, which compete with eIF4G mRNA; this regulation may differ from those described above because translational induction is delayed relafor a common binding site on eIF4E (Figure 2 Figure 4C , construct translational control for energy and glucose homeostasis. It is tempting to speculate that the primary role of j, and the earlier discussion), suggesting that increased eIF4F activity can affect AUG start site selection perhaps eIF2␣ and 4E-BP phosphorylation in vivo is to regulate the translation of specific mRNAs, rather than the genby altering the efficiency of scanning. As expected, inhibition of 4E-BP phosphorylation had the opposite effect, eral role first ascribed to these modifications. The translation of inefficient mRNAs that compete poorly for the reducing the expression of the truncated C/EBP␣ isoform (Calkhoven et al., 2000) . Consistent with these findtranslational apparatus is thought to be hypersensitive to perturbations in the general translational machinery. ings, translation of the yeast CLN3 mRNA, which is poorly translated due to the presence of a uORF (PolyHowever, as illustrated by the regulation of GCN4 expression, the translation of specific mRNAs can be enmenis and Schmidt, 1997), is likewise enhanced in cells overexpressing eIF4E (Anthony et al., 2001) . Thus, inhanced under conditions where general protein synthesis is impaired. As many of these translational control creased availability of the general translation initiation factor eIF4E can have apparent mRNA-specific effects mechanisms rely on sequence elements in the 5Ј leader of an mRNA, the identification of the 5Ј end of transcripts as the translation of poor mRNAs is most significantly elevated.
will 
